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LASER DRIVEN ELECTRON ACCELERATION TO GeV ENERGIES
IN PLASMA CHANNELS’
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Abstract vacuo The amplitudeg, is assumed to be expressible as
E, =b explip— (1 - )r¥r?], whereb is the amplitudegp

This paperpresepts a brief dlscusglon of ultra-shlaster is the phased is related tothe wavefront curvaturendr,
pulse propagatiorand laser wakefield acceleration in .

. is the spot size. The variables¢, 6, r, aretaken to be
plasma channels. An envelope equationttierperturbed ) X s .
oL ; ) - real andslowly varying functions ofz andt. The radial
laser beam radius igiven, including finite-pulse length dependence of the plasma frequency is given by
and nonlinear effects. Angular distribution @lectrons
generated by the process of laser ionization and ,71/2
ponderomotive acceleration (LIPA) &sodiscussed. An wp(r) = [1 + (An/npo)(r/rc) ] )
example of laser wakefield acceleration to electpergies
greaterthan 1.2GeV in apreformedplasma channel is where n, is the on axis densityn, + An is the
described. density at theedge ofthe plasma channel € r.), w,, =
(4m,of/m)*? is the plasmérequency onaxis, q is the
1 INTRODUCTION chargeandm is the mass of an electron. The focusing
Electron acceleration in a laserkefield is limited by a Pparameter associatedvith the channel is K. =
number of processes, including electron slippage laser (WJ/C)(An/n,y)*% Making use of thesource-dependent
beam diffraction. Taeducethe effects of diffraction the €Xpansion approach [6], the equilibriuadius is found to
laser pulsecan be propagated in a preformpthsma be given byr.,=r, (1 - P)¥*, wherer, = (Z/K)"?is the
channel having a suitable (parabolic) radial density profilglatchedbeam radiuspP is the laser power normalized to
In plasma channels propagatiatistancesmuch longer the critical power for focusing, is radius of theparabolic
than a vacuum Rayleigh ranggg, = YA, can be channeland. is the on axis plasmaavenumbef3]. In
achieved [1-3]. Hera, is the laser spot sizand A is the the limit P << 1 the envelope equation ftire perturbed
vacuum wavelength. Finite pulse leng#ffects can laser pulse radius, normalizedrtpand is given by
modify the propagation dynamics in long channels. Short
pulse effectslead toenvelop modulation, dampirdpe to
phasemixing, and group velocity dispersion [3,4]. An 9°3R + 4 4e °R . 3260 0R _
envelope equation fothe perturbed pulse envelope is dz2 n’ n’ 9Zol n° oz
presented which includes theseeffects along with

nonlinearity [3]. A second topic discussed is the hereZ = 21Zuy ¢ = (z — cdil 5, n = cklw is the
- RO - - 0s -

gengranon i of eIe(I:trort1_s b|Y|p laser Blonlzatlon fan fractiveindex, an initial axial profileb(z = 0) ~ exp(-
E?;Aer:)mto ve acceberatlt_)n e(i b A[}a]t. y Theans_ OF 4221 ) has been assumedde = A/(2nl ;) << 1. The
electrons can be strippdtbm atoms in theregion 7, oo 40 this equation is

of high laser intensity and accelerated by the

ponderomotive force. Finally, an example of laser

wakefield acceleration of electrons 102 GeV in a 15-cm 2 252 4
OR= cos(2Z / n)exp(-16eCZ/ n“ —16£°Z° In*),

long plasma channel is described. O cos( ) exp( ¢z )

’

2 ENVELOPE EQUATION wheredR, is a constant. The first term in the exponential
leads tomodulation of the pulse, with thieack of the
pulse ¢ < 0) growingandthe front ¢ > 0) damped. The
second term in the exponential is due to phase mixing and
leads to damping of the perturbation.

The modulatiorand dampingpredicted bythe envelope
equation has beewbserved in &-D simulation oflaser

An envelope equation fahe radius of the laser pulse
propagating in a channel can bletained byassuming the
slowly-varying form for the electric fieldE = (E, /2)
explikz- at)]e, + c.c., whereey(r, t) is the amplitudek
is the wavenumberp = 2rc/A andc is speed ofight in
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propagation in a channel. At eartimes, dR should electron totunnel through. When an electron iseleased
exhibit growth or damping at theormalizedlinear rate from an atom in thepresence ofthe laserfield the
r(Q) = -16eln*>. The simulationrate I~ is determined ponderomotive force caaccelerate it torelatively high
from a semi-logarithmic plot 0dR againstz, fitting the energies depending onthe laser intensity. Laser
peaks of the oscillations. Thiaser parametersvere acceleration and ponderomotive acceleration (LIPA) [5] can
A=0.8um, | ;=24 um, r, = 14.5um, andZ; = 0.083 be a source of high brightness electrons for injediio
cm. Figure 1 is a plot off({) (diamonds) from laser driven accelerators. In LIPA, the electronsefereted
simulation using theode described if2]. The straight from essentially a poinsourceand arehighly collimated
line is the analytical growth or damping rate. Asvhen the laser beam is lineagplarized[5]. This is
expected, the front of the beamdampedwhile theback borne out byrecent experimentatesults at theNaval
exhibits growth in JR. The simulation results Research Laboratory [5]. The electrame ejectednto a
consistently lie below the theoretical growth rate. This ferward cone with half angle given by

due tothe phase mixdamping contained ithe lastterm

in the dR equation. The long time behavior in theg =tan™,2/(y - 1),

simulations is eventuallgominated bythe phasemixing

term and exhibits the expected damping’in where y is the relativistic factor of the accelerated
electrons.

Lo 4 ELECTRON ACCELERATION IN A
— ' PLASMA CHANNEL

E Laser wakefield acceleration in a preformed plasma channel
4 ] can result in significantenergy gain. As anexample
consider a 1um wavelength,| , = 50 um, circularly
polarized laser pulse with spot sizg, = 30 ym and
intensity 2.75x 10'® W/cn? that ismatched to gplasma
] channelwith on axis plasma wavelength@w,, = 75
o ] Um (on-axis density 210" cm®). In this casethe peak
1 accelerating gradient associategidh the wakefield is ~ 24
AN GV/m and the peak transverse electric focusing field is ~ 5
I J GV/m. Figure 3 is a plot okénergy as aunction of
Sl 0L T ST propagation distancefor an electrorthat is injectedinto
—90 ~10 0 10 20 the wakefieldlocally; for example by the LIPA process.
For this electroninjected onaxis behind the laser pulse
f (,um) with axial momentum 0.3mc, the plot shows that
energies in excess of 1.2 GeV canrbached in alistance
~ 15 cm (~ 54Z,). Beyondthis length,phase slippage
sgceurs and the energy decreases.

5 CONCLUSIONS

In the high power limit, P < 1, thereare additional This paper presents highlights of a number of interesting
contributions to the envelope equation, arisirgm resultsassociatedvith high intensity short pulse lasers.
nonlinearities such as the relativistic focusigffect [3]. A brief discussion of ultra-short laser pulse propagation
Short pulseeffectslead tosubstantial modification of the and laser wakefield acceleration in preformeglasma
nonlinear focusing processes. Figure 2 is a surface plotcbfinnels is given. In particular, an envelepgation for
the spot siz&R as a function of/A andZ, with (a) finite the perturbedlaser beam radius, including finite-pulse
pulse lengtheffects € # 0) and(b) finite pulse length length and nonlinear effects, is discussed.  Angular
effects neglecteds(= 0). Theparameters aré = 1 um, distribution of electrongenerated byhe process ofaser
| ,=20um andP = 0.56. This plot shows thenvelope ionization and ponderomotive acceleration is also
modulation and significant enhancement of nonlinearmentioned. An example of laserakefield acceleration to
focusing. electron energies great¢han 1.2 GeV in a preformed

plasma channel is described.
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Fig. 1. Linear growth or damping ratE versusposition
{ within the pulse. The diamondsefrom the simulation
code, and the solid line is from the analytical solution
OR.

3 LASER IONIZATION AND
PONDEROMOTIVE ACCELERATION

In tunneling ionization theelectric field of the laser
depresseshe Coulombbarrier in the atom allowing an
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Fig. 2 Surface plot of spot sifeas a function of/A and
propagationdistancez. In (a) finite pulse lengtheffects
are include while in (b) finite pulse lengtheffects are
neglected.
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Fig. 3. Plot of electron energy gadlue tolaserwakefield
accelerationversus distance along a preformed plasma
channel.
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